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SUMMARY 
_/-- @J 

Screening t e s t s  for separators i n  silver-zinc bat ter ies  were developed. They 
are  designed to  reduce to  a minimum the  time consuming battery tes t ing.  Three 
t e s t s  yield the  most important information: the  electr ical  res is t ivi ty ,  the  s i lver  
diffusion and the  zinc penetration tests. Some potentially use fu l  separator 
materials and modifications of conventional separators have been prepared. 
Twenty-five bat ter ies  have been built ior the  evaluation of t hese  separators .  
Further investigations are recommended in  th i s  area.  

-1- 
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INTRODUCTION 

This is the  Eighth Quarterly and Final Report, covering work done under 
Contract NAS-5-2860 , which was  awarded t o  The Electric Storage Battery 
Company on June 28, 1962. 

OBJECTIVES 

Before d iscuss ing  t h e  object ives  of t h i s  invest igat ion,  it may b e  useful 
t o  review the  requirements which a separator  material ior a si lver-zinc or 
silver-cadmium battery should meet .  They are: 

1. 

2. 

3 .  

4. 

5. 

6. 

7 .  

8 .  

Strong mechanical separation between posit ive and negative p la tes .  

Effective prevention of migration of par t ic les  between plates  of 
opposite polarity. 

Minimum res i s tance  t o  the  flow of e lectrolyte .  

Good conductivity i n  the  electrolyte.  

The separator should b e  easi ly  wet ted by the  electrolyte;  it should 
absorb and retain a maximum of e lectrolyte  s o  that  there  is always 
enough electrolyte  i n  contact with both p la tes  t o  insure an uninter- 
rupted flow of current. 

The separator should fulfill al l  t h e s e  functions over extended periods 
of t ime, both under cycling conditions and in  prolonged storage.  The 
material m u s t  therefore res i s t ,  as long as possible ,  t h e  effects of t h e  
battery environment. This entai ls  res i s tance  t o  t h e  combined effects 
of hydrolysis in  the  presence of strong alkal i  and of oxidat ion i n  the  
presence of t h e  highly oxidative Ago and AgtO. 

Any degradation products of t h e  separator  material should not interfere 
with the  proper functioning of t h e  battery.  

Separators should have sufficient mechanical strength s o  that  they are  
not damaged in  assembling the battery, and withstand reasonable  hand- 
ling of t h e  battery.  

- 2- 
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9. Separators should a l s o  be  dimensionally s tab le ,  though some degree 
of swelling due t o  electrolyte absorption is unavoidable and c a n  be  
compensated by appropriate cell design. 

In  t h e  pas t ,  t he  approach t o  the  select ion of sui table  materials has  been  
largely a pragmatic one; a material that  appeared promising was  incorporated 
in  a battery and evaluated a n  the  bas i s  of performance under a predetermined 
set of service conditions.  Such t e s t s  undoubtedly had merit, but the  resul ts  
were val id  only under the  particular conditions used,and they were wasteful 
of t i m e .  

The primary objective or' th i s  contract was  the  development of screening tests 
which would make it possible  t o  choose sui table  separator materials without 
having t o  subject  every potential  material t o  t i m e  consuming battery tests. 

Another objective was  t o  app ly the  screening tests in  select ing the  most 
promising materials as separators  in assembling experimental c e l l s .  

Both t a s k s  were completed. 
additional work done in  the  period March 29 through June 28,  1964, and t o  
review the  resul ts  obtained s ince  the inception of t he  contract .  

The purpose of t he  present report is t o  report 

SEPARATOR MATERIALS 

The separator materiaIs which were subjected t o  t h e  screening tests are  
l i s t ed  in Table I .  Not a l l  of these  materials are  commercial products. The 
manufacture of some of them has  been discontinued s ince  th i s  contract  went 
into effect. Others a re  strictly experimental products: t h i s  includes speci-  
f ical ly  the  membranes developed by The Electric Storage Battery C o . ,  e i ther  
before the  inception of t he  present contract  (Nos.  15-21), or developed under 
t h e  terms of t h i s  contract  (Nos. 27-29, 32,  34-37). 

The Mipor separators  (Nos. 18-21) are  polyethylene or poly(viny1 chloride) 
membranes, made microporous by leaching t o  remove inorganic salt s or 
various s ta rches  which have been  included as pore formers. The process  
is covered by several  patents(').  

The PMA membranes (Nos.  15-18) are  ion-exchange membranes, made by 
impregnating a "Mipor" polyethylene shee t  with methacrylic ac id ,  with a 
polymerization catalyst (benzoyl peroxide) and divinyl benzene (DVB) as 

-3- 
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crossl inking agent.  The degree of crosslinking is controlled by varying t h e  
methacrylic acid: DVB ratio; e . g . ,  PMA 83/17 means a cross-linked poly 
(methacrylic acid)  made by polymerizing 83 parts methacrylic ac id  and cross -  
linking with 17 parts DVB. A more detai led description of t h i s  patented process  
was  given in  the  Fifth Quarterly Report (p.  9).  

Modifications of t hese  membranes by copolymerizing the  methacrylic ac id  with 
other monomers led t o  new, potentially useful separators .  
developments will  b e  d i scussed  later i n  th i s  report. 

These and other 

The chemical formulas of membrane materials d i scussed  in  th i s  report are 
shown i n  Table l a .  

SCREENING TESTS 

The following screening t e s t s  were used: 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8 .  

9 .  

10. 

Hydrolytic res i s tance  t o  electrolyte 

Oxidation resis tance 

Tensile strength 

Dimensional changes in electrolyte 

Electrolyte absorption and retention 

Wettability and e lec t r ica l  res i s tance  

Porosity and tortuosity 

Permeability t o  s i lver  ions 

Reactivity towards s i lver  ions 

Resis tance t o  zinc dendrite growth 

Spec ia l  a t tent ion was focused on cellophane; it was  not only t h e  first  material 
tha t  was  chosen  a s  a separator  in silver-zinc batteries(2) but it h a s  a l s o  re- 
mained the  most widely used  separator material for t h i s  purpose. 

-4- 
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EFFECTS OF HYDROLYSIS AND OXIDATION ON CELLULOSE 

A study be  Weltzien and zum T ~ b e l ( ~ )  i n  1927 showed that  some degradation 
of ce l lu lose  occurs by hydrolysis alone in t h e  absence  of oxygen (although 
their  description of t he  experiments l eaves  some doubt whether oxygen w a s  
rigorously excluded).  They reached t h e  erroneous conclusion tha t  oxygen 
played a minor part in  the  degradation. 

Staudinger and J ~ r i s c h ( ~ )  i n  1938 proved conclusively that  oxidation, rather 
than hydrolysis,  was  t h e  predominant reaction. They demonstrated that  t h e  
degree of polymerization of cel lulose i n  cuproxam solution was  reduced by 
67'0 af ter  8 days  a t  20°C in  a high vacuum, by 19% af ter  8 days at  100OC. In 
t h e  presence of air ,  the  corresponding figures were 6270 (at 2OOC) and 91% 
(a t  100°C). A better understanding of t h e  degradation of ce l lu lose  w a s  
obtained by t h e  application of t h e  autoxidation theory,  developed in the  
1940's  by Dr. Bateman's team at the  British Rubber Producers Research Asso- 
c i a t i ~ n ( ~ ) .  Autoxidation postulates  a f ree  radical  cha in  reaction, involving 
formation of hydroperoxide structures. 
found in  partially oxidized cellulose.  
shown that  oxygen absorption and t h e  appearance of carbonyl groups followed 
t h e  k ine t ics  of a f ree  radical mechanism. 
work, assume two concurrent processes:  oxidation of t h e  terminal aldehyde 
groups and reduction i n  DP (degree of polymerization) by depolymerization. 

Peroxide groups have indeed been 
Entwistle and h i s  co-workers(6) have 

Present concepts ,  b a s e d  on Entwist le 's  

Our experiments with cellophane i n  KOH solut ions were cons is ten t  with t h e s e  
finding s . 
Hydrolysis of cellophane, in the  absence of oxygen, was  found t o  lead  t o  a 
gradual lowering of t he  molecular weight. When oxygen was  present,  t he  
pattern became more ~ o m p l i c a t e d ( ~ ) .  The effects of degradation were followed 
by measuring t h e  weight l o s s ,  t h e  decay of t h e  t ens i l e  strength and  of t h e  
degree of polymerization; the  la t ter  w a s  s tudied by following the  progressive 
dec rease  i n  solution v iscos i ty  in a cupriethylene diamine solution(8), as  
proposed by Bat t is tae) .  A l l  three methods indicated,  not unexpectedly,  that  
degradation of t he  ce l lu lose  was  due to  a combination of hydrolysis and oxi- 
dat ion,  and that  oxidation had the  more ser ious effect on the  properties of 
cel lophane.  

The oxidation reaction was  therefore s tudied more intensively.  The method 
finally chosen  for t h i s  purpose was  oxidation by potassium permanganate in  

- 5- 
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a weakly a l k d i n e  solutitm, followed b y  measurement of t h e  weight loss;  
de t a i l s  of the preced9re have been described i n  a n  ear l ier  report("). 
method c:-,uld b e  used  ?o compare the relat ive sensi t ivi ty  of all t he  separator 
materials t o  nxad12ing cnnditlnns arid i n  a medium which approached the  
battery emironmefit. T h e  oxidation t e s t s  were generally run at 50°C but it 
w a s  soon found that urlprotected cellophane was  substant ia l ly  destroyed i n  
t h e  t e s t ;  t h e  reactinn temperature was therefore reduced t o  25'C whenever 
ce l lophaze  s3mples were tes ted .  It is remarkable tha t  s ausage  cas ing  be- 
haved differezztly; i t  suffered a loss of about 113 its original weight a t  50°C 
but it did not disintegrate,  The non-cellulosic polymeric mater ia ls  were fa r  
more res i s tan t  t o  oxidation than the  ce l lu los ics .  I l lustrat ive data  a re  shown 
i n  Table 2, 
materials, it appeared desirable  t o  modify t h e  ce l lu l a s i c s  i n  such a way tha t  
a bet ter  oxidation r e s i s t ance  could b e  expected. T h e  problem was  approached 
i n  two  ways: 

This 

In view of these differences between ce l lu los ic  and non-cellulosic 

1 Impregnation with known antioxidants 

2. Use  of chemically modified ce l lu lose  

IM PREGNATLON 

Twenty-five compau r,ds which a re  known to  p o s s e s s  antioxidant act ivi ty  were 
used  t o  impregnate cellophane. They include amines,  s ter ical ly  hindered 
phenols and  organic sulfur compounds, In most cases, t h e  resu l t s  were dis- 
appointing: t h e  oxidation res i s tance  of t h e  ce l lu lose  w a s  not si.gnificantly 
improved, The exceptions were hydroquinone and  p-pherylenediamine. BDth 
reduced t h e  oxidation loss  i n  t he  K M n 0 4  screening test (from 60-750J0) t o  t h e  
n e i g h b o r b n d  of 4 -  570~ Grafting of vinyl monomers onto the  ce l lu lose  mole- 
c u l e  with subsequezt  polymerization, r e d x e d  t h e  oxidation loss,  though t o  
a l e s s e r  extent,  
protection against oxid3tion res i s tance  was  obtained at the  c o s t  of increased  
e lec t r ica l  res is tance.  

However, t h e  modified cellophane was  brit t le and t h e  modest 

The oxidation r e s i s t ance  of silver-treated cellophane did not differ sufficiently 
from tha t  of untreated cel lophane t o  c o m t i t u t e  a marked improvement. The re- 
ac t ion  rate  with d isso lved  s i lver  is somewhat red.uced by t h e  presence of t h e  
added  s i lver ,  though again t h e  effect is not very pronounced. 

-6- 

n 
1 



Eighth Quarterly Report 
NASA 
Goddard Space Flight Center  
Contract NAS- 5-2860  
ESB Report No. 7054 .8  

Impregnation with a diisoc-yanate (TDL, a mixture of tolylene di isocyanate  
isomers) had l i t t le  effect on the  oxidation l o s s  of cellophane. 
was  found that  t he  physical structure of t he  TDI t reated cellophane survived 
the  axidation test , whereas untreated cellophane was  largely destroyed under 
the  test conditions.  

However, it 

MODIFIED CELLULOSE 

The axidation res i s tance  3f Permion 6 0 0  which is reported t o  b e  grafted cellu- 
lose is improved aver that  of regular cellophane. 
appreciably higher and i t s  reaction rate with dissolved s i lver  is lower. 

I ts  e lectr ical  res i s tance  is 

In t h e  course of our invest igat ions,  we were ab le  t o  graft various monomers 
with olefinic unsaturation on cel lulose in the form of cellophane. 
mers which could be  grafted t o  varying degrees  were: 

The mono- 

acrylonitrile 

acrylonitrile + styrene 

ethylene imine 

m e t  hac rylic ac id  

N , N- diet  hy l a m i  n oet hy 1 methacrylate 

N - vinyl - 2 - pyrrolidone 

The techniques used  have been described in previous reports (IV, 4-6, V, 2 - 3 ) .  
The grafting did result  in same improvement in t h e  oxidation resis tance;  how- 
ever ,  t h i s  protection was  gained at t he  cos t  of substant ia l ly  increased  elec- 
t r ica l  res i s tance  and of increasing embrittlement . 
TENSILE STRENGTH 

Tensi le  strength t e s t s  were used  to  compare t h e  various classes of separator 
mater ia ls  and as a means of comparing t h e  effects of degradation. Measure- 
ments were made on both dry and wet materials (wetted by soaking 15 minutes 
in  d is t i l l ed  water). F3r detai ls  of the t e s t ,  see the  Third Quarterly Report, p. 4. 

-7- 
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Tne t e n s i l e  s t rengths  (dry’ and wet) oi  typ ica l  separator materials are  com- 
pared in  Table 3. 
two dis t inct  c l a s s e s :  t h e  ce l lu los ics ,  whicn nave dry t ens i l e  s t rength 
ranging from 13,700 t o  2 0 , 0 0 0  lbs/sq in. , and tne microporms p las t ic  
membranes with t ens i l e  s t rengths  which a re  smaller by an  order of magni- 
tude .  This pronounced difference is of course partly due t o  t h e  relat ively 
coa r se  pore structure of t h e  plast ic  membranes. 
Polypor WA but here tne high tens i le  strengtn is due t o  t h e  supporting 
fabric (nylon) ,  rather than  t o  the  plast ic  film. 

This t ab le  shows that  t h e  separator  materials fa l l  into 

Tne only exception is 

The wet strength of t h e  cellophanes is generally about one third of t n e  dry 
t e n s i l e  strength.  The t ens i l e  strength of t h e  p las t ic  membranes was  nardly 
aifected by wetting; this  is not surprising because  the  matrix material does 
not absorb water; hence t h e  intermolecular forces  which account for t ne  
t e n s i l e  strength remain unaffected. 

The wet t e n s i l e  s t rength of cellophane is increased  t o  8500 lbs/sq in .  by 
t h e  diisocyanate treatment , an increase of 4070. 

ACCELERATED AGING OF CELLOPHANE IN KOH 

At t h e  s ta r t  of t h i s  invest igat ion,  3 in .  by 2 in .  samples of cellopnane PUDO 
300 were placed individually in g l a s s  t ubes  and covered with 25 ml potassium 
nydroxide solution; half of t h e  tubes contained 2570, t h e  remaining tubes  con- 
t a ined  40% KOH. Tne  tubes  were then s e a l e d ,  leaving approximately 15  m l  
a i r  above t h e  surface of t h e  solution. The s e a l e d  tubes  were s tored  at r m m  
temperature ( 2 6 O C ) .  A t  t h e  end of the  first  year ,  half t n e  tubes  in  each  group 
were opened; t he  remaining tubes  were opened at the  end of t h e  second year .  
The cellophane samples were used t o  study t h e  long-range effect of KOH in  
t h e  presence of a limited amount of a i r .  Two parameters were u s e d  t o  assess 
t h e  effects of extended storage: degree of polymerization and wet t e n s i l e  
s t rength.  

The degree of polymerization, as  determined by t h e  solution v i scos i ty  i n  
cupriethylene diamine solution ( s e e  First  Quarterly Report, p. 5),  w a s  ini- 
t i a l l y  520. 
following table:  

The resu l t s  of t h e  solution v iscos i ty  tests are  shown i n  t h e  

- 8- 
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T ime  i n  years  4070 KOH 2570 KOH 

0 
1 
2 

5 20 
480 
4 20 

5 20 
4 25 
410 

These da ta  show tha t  t h e  ini t ia l  rate of degradation is  fas te r  i n  2570 KOH 
than  i n  4070 KOH, presumably due to t h e  stronger swelling i n  2570 KOH. The 
f inal  values  indicate ,  however, that t h e  same level  is reached eventually 
because  the  sample tubes  contained t h e  same amount of oxygen, regardless  
of t h e  KOH concentration. 

The wet t ens i l e  strength of t h e  cellophane samples  in 4070 KOH had decayed 
from t h e  original 12 lbs  t o  8 lbs  after two years  storage.  Tensile measure- 
ments on samples s tored in  2570 KOH were omitted because  the  edges  of t h e  
samples  were badly cracked. 
expected t o  give meaningful tens i le  va lues .  

Samples notched in  th i s  way could not b e  

A comparison of t h e s e  resu l t s  with data  obtained in  acce lera ted  aging t e s t s  
(see Table 4) indicates  that  accelerated aging for 10 days at  90°C i n  40 70 
KOH, i n  the  presence of a limited amount of a i r ,  is approximately equivalent 
t o  two years  storage at  room temperature under otherwise similar conditions.  

ELECTROLYTE ABSORPTION AND RETENTION 

The abil i ty of a separator t o  absorb and  re ta in  as large a volume of electro- 
ly te  as possible  is an  important parameter because  good conductance ac ross  
t h e  separator  requires that  an  adequate supply of electrolyte within t h e  voids  
of t h e  membrane b e  avai lable  at all  t i m e s .  The electr ical  res i s tance  of t h e  
various separators  usually parallels the i r  abil i ty t o  absorb electrolyte.  The 
ce l lu los ic  materials,  a s  a c l a s s ,  exhibit a large absorptive capaci ty ,  between 
3 . 6  and 8.4 grams electrolyte  per cm3 of t he  dry separator  material; their  
spec i f ic  res i s t iv i t ies  are  around 10 ohm- c m .  The absorptive capaci ty  of 
most p las t ic  materials w a s  found to  b e  considerably lower - usually from 
below 1 t o  2 grams electrolyte  per cm3 of separator material. 
are: 

The except ions 

a) The copolymer of i-propylacrylamide and methacrylic ac id  on poly- 
ethylene.  This membrane absorbs 8 g  electrolyte per cm3 and has  a 
low e lec t r ica l  res is t ivi ty  thus confirming t h e  observation that  high 
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absorption and  low resis t ivi ty  go hand i n  hand. 
behaved in  both r e spec t s  more like a ce l lu los ic  material. 

This membrane 

b) Acropor WA which couples  low absorption (1.3 g/cm3) with low 
e lec t r ica l  resist ivity.  The explanation for t h i s  unusual combination 
might b e  found in  the  large pore size; the  average pore diameter is 
larger by a n  order of magnitude than t h e  pore diameters in  ce l lu los ic  
materials.  
desp i te  the  poor abil i ty t o  absorb (and retain) electrolyte.  

The large pore size might account for t h e  good conductivity 

DIMENSIONAL STABILITY 

The effect of prolonged immersion in  electrolyte shows wide variations,  Cellu- 
l o s i c  materials undergo t h e  grea tes t  swelling. 
i n  thickness;  length and  width remain virtually unchanged. Thickness swelling 
i n  ce l lu los ics  amounts t o  something of t h e  order of 20070 - usually l e s s  at very 
low temperatures,  more at higher temperatures (see Second Quarterly Report, 
Tables 8 - 10, and subsequent reports). 
far  more s tab le .  Microporous polyethylene and  PVC do not change in  length or 
width, and  the  th ickness  swelling reaches a maximum of 2570 at 90°C. 
c ross l inked  polymethacrylate membranes increase i n  a l l  th ree  dimensions by 
15  t o  3070; t he  volume swelling amounts t o  about 8070. Acropor WA increases  
only in  th ickness ,  and th i s  swelling reaches only a maximum of 10%. 

The change occurs almost entirely 

Plast ic  membranes a re  dimensionally 

The 

The high degree of swelling of cellu.losic materials is, of course ,  due t o  the  
high absorption of electrolyte.  The absence of any large pore volume in  dry 
cel lophane does  not afford the  s p a c e  for t h e  adsorption of liquid. Cellophane 
owes its capaci ty  for t he  absorption of several  t i m e s  its original volume t o  its 
abi l i ty  t o  swel l  t o  several  t i m e s  its original volume. Our resu l t s  indicate  that  
t h i s  swelling is moderately reduced i f  t h e  cellophane is impregnated with various 
agen t s  (Ag, ant ioxidants ,  diisocyanate) but a lways remains substant ia l .  

This dimensional instabil i ty is a distinct drawback but it is responsible  for t h e  
high degree of absorption and  consequently for t he  low electr ical  res is t ivi ty .  
The problems crea ted  by t h e  swelling of t h e  cellophane a re  generally overcome 
by appropriate design of t h e  battery. 

POROSITY 

The method and  t h e  equipment used  to measure t h e  average pore diameter in 
separator  materials have been  described in  the  Fourth and  Fifth Quarterly Reports 
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(IV, p. 8; V I  15). In la ter  experiments, t h e  reliabil i ty of t h e  measurements 
w a s  improved by the  addition of an automatic sens ing  device ("Therm-O-Watch 
Electronic Controller", Model L -  6 ,  by Instruments for Research & Industry, 
Cheltenham, Pa. ). I ts  osci l la tor  head is at tached t o  t h e  r i se r  tube,  i. e , ,  
t h e  burette which contains  the  electrolyte.  The amplifier is connected with 
t h e  timer. A s  soon as  t h e  m e n i s c u s  of the electrolyte drops below a prede- 
termined level ,  t h e  senskrLg c l ip  act ivates  t h e  relay i n  t h e  amplifier and s tops  
t h e  timer. 

The complete test assembly  is shown in  Photograph 1. 

Porosity data  have been  given i n  t h e  Fifth Quarterly Report (p. 24). It remains 
t o  add a few more data  and to complete the picture by a d i scuss ion  of tortuosity.  

TORTUOSITY 

A s  pointed out i n  the Fifth Quarterly Report (p.  16), the  pore diameter and 
porosity calculat ions are  based  on t h e  assumption that  the pores form a system 
of paral le l  cylinders,  going straight through the  matrix, at right ang le s  t o  its 
surfaces .  Such pores would provide t h e  shortest  pathway for ionic  migration; 
the i r  length would b e  uniform and equal  t o  t h e  measured th i ckness  of the  mem- 
brane. This is, however, an  ideal ized picture, In real i ty ,  the pores a re  not 
s t ra ight ,  parallel  and perpendicular t o  t h e  surface but form a complex pattern 
of inter-connected, randomly bent capi l la r ies  of varying lengths and diameters.  
The length of t h e  capi l lar ies  is greater t han  the th ickness  of the membrane. 
Two membranes may therefore have t h e  same average pore cross-sect ional  area 
and ident ical  th ickness  but differ widely i n  mean path lengths,  This wil l  resul t  
i n  different e lec t r ica l  re s i s t  ivit ie s. 

The ratio by which t h e  effect ive length of the pores exceeds the straight l ine 
(= t he  th ickness  of t h e  membrane) is termed the  Tortuosity Factor: 

Mean Effective Capillary Length 
Thickness of the  Membrane ( 1 )  

T =  

It is t h e  factor  by which t h e  separator th ickness  must b e  multiplied t o  arrive 
at t h e  ac tua l  mean path-length which t h e  ions must t rave l  i n  diffusing through 
t h e  separator. The ac tua l  path-length will,  of course,  affect the  ra te  a t  which 
ions  c a n  t rave l  through the membrane and will  therefore influence t h e  conductivity. 
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The tortuosity factor  c a n  b e  calculated by means of a n  equation derived by 
Mackie and  Meares(") and a l s o  used by Bergsma and Kruissink(12): 

1 + vp 
1 -  vp 

T =  

where V is t h e  volume fraction of t h e  membrane occupied by the  polymer P 
network. To use  th i s  equation, t he  weight and the  specif ic  gravity of t h e  
dry separator material and the  volume swelling of t he  membrane a re  required. 

From t h e  determinations of electrical  res i s tance  and pore s i z e ,  data  were 
avai lable  which made it possible  t o  ca lcu la te  t h e  tortuosity factor by another 
equation: 

where k = Spec. conductivity of the  electrolyte (31y0 KOH) = O .  66  ohm-l cm'l 

R, = Measured res i s tance  of the separator i n  the  electrolyte 

A = Cross-sect ional  area 

P = Porosity 

L = Apparent path length (i. e, t h e  th ickness  of t h e  separator) 

The term - R O  represents  t he  specific resis t ivi ty  "p"  of t h e  separator (see L 
Second Quarterly Report, p. 18). The spec i f ic  conductivity of 3170 KOH at 
26°C = k = 0.66 ohm-'cm"l. By the appropriate subst i tut ions,  we obtain 

T =  v G =  0 . 8 1 2 4 r z  ( 3 )  

The va lues  for t he  porosity 'IF" have been  ca lcu la ted  i n  the  usual  way: 
0 

F =  1 
where B = to ta l  pore volume per unit surface area and L is again t h e  th.ickness 
of t h e  separator,  
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The resu l t s ,  obtained by t h e  two methods, are in good agreement. The 
tortuosity factor of cellophane PUDO-300 was found t o  be  2.8, based  on 
Equation (2); when using Equation (3)# a value of 2.6 was  obtained. 

The tortuosity data  i n  Table 5 have been ca lcu la ted  by Equation (3). 
show wide differences between various separators.  
cellophane a s  well  as  sausage  cas ing ,  generally have tortuosity factors  
within a fairly narrow range, from 1 .9  t o  2 .6 ,  i. e , ,  the i r  effective path 
lengths are about 2 t o  2 .5  t imes the th ickness  of t he  sheet .  These va lues  
represent t h e  lowest range of tortuosity factors ,  coupled with a high degree 
of porosity ( in  t h e  swollen s ta te )  and low electr ical  res is t ivi ty .  
600 h a s  a l s o  the  high porosity typical of ce l lu los ic  materials but its tortu- 
osi ty  factor  of 5 .5  i s  more than  double the  value of unmodified cellophane, 
presumably due t o  t h e  grafted sidechain and i t s  e lectr ical  res i s tance  i s  
about four t i m e s  a s  high as that  of the  unmodified cellophane. 

They 
Cel lu los ic  materials,  

Permion 

The p las t ic  separators ,  t he  PMA membranes (T = 3.2 - 5.4) and Permion 300 
(T  = 7.5) have considerably higher tortuosity factors t han  the  cel lophanes 
and their  res is t ivi ty  is a l s o  much higher although their  porosity is not too 
different from those  of t he  cel lulosic  materials. Only the  microporous poly- 
e thylene membrane Mipor 13 C N  and Acropor WA have res i s t iv i t ies  which are  
c l o s e  t o  those  of t he  ce l lu los ic  separators;  in  both cases, the  average pore 
s i z e  is large while t h e  tortuosity factors are in the  range of t h e  ce l lu los ic  
materials,  i. e. , in  the  low range. 

Low tortuosity factors ,e .g . ,  in  the  neighborhood of T = 2, are evidently 
desirable  i n  a separator because  low electr ical  res i s tance  appears  t o  depend 
on a relatively short path. 

Mipor 13 CN and Acropor WA should, on th i s  b a s i s ,  b e  very desirable  separator 
materials; both have large pore diameters and low tortuosity factors.  Unfor- 
tunately,  they are  deficient i n  another espect ;  they a re  not efficient barriers 
for d i sso lved  silver. 

e .  

SILVER REACTIVITY AND SILVER DIFFUSION 

In t h e  preceding d iscuss ion ,  we have mentioned repeatedly s i lver  reactivity 
and s i lver  diffusion. 
Quarterly Report (p. 6). The data  obtained by these  methods proved t o  be 

Methods and equipment were descr ibed in  t h e  Fourth 
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among the  most valuable  parameters for judging the  effect iveness  of separators .  
The original expectat ion had been that t he  useful lifetime of a separator  could 
b e  extended if  it were possible  to  protect it against  oxidation. Our early efforts 
were therefore directed towards improving t h e  oxidation res i s tance  by modifica- 
t ion of t h e  ce l lu lose  or by incorporation of an t iox idants .  A s  pointed out above,  
modified cel lophane was  defect ive in some important properties (br i t t leness  , 
high e lec t r ica l  res i s t iv i ty) ,  Only a few of t h e  an t iox idan t s  had any marked 
effect on the  ox ida t im  res i s tance  of cel lophane.  

The experiments with tagged s i lver  (Ag"' ) showed: 

1. That s i lver  ions diffuse through a porous material which i s  
reasonably s t ab le  t o  oxidation by Ag20. 

2. That there  is no measurable diffusion through a material which 
t ends  t o  react  with dissolved Ag20. 

Cel lophane is typical  of materials that are  readily oxidized. 
A g 2 0  and there  is virtually no s i lver  diffusion through a cellophane membrane, 
up t o  its capaci ty  t o  react with Ag20. In a diffusion experiment with Ag'" and  
one layer  of cel lophane PUDO-300, there w a s  no measurable radio-activity in  
t h e  untagged ce l l  compartment after 100 hours a t  which t i m e  there was  s t i l l  
some Agllo left i n  t he  tagged compartment. 
a n  effect ive antioxidant such  as hydroquinone or p-phenylenediamine, its 
react ion rate  with Ag20 is markedly reduced and i t s  permeability t o  diffusion 
by d isso lved  s i lver  spec ie s  is increased, 
res i s tan t  t o  a lkal ine permanganate oxidation were a l s o  found t o  react  slowly 
with Ag,O but t h e  d isso lved  Ag ions diffused rapidly through t h e  membranes. 
These materials could therefore not be  considered effective separators .  

It reac ts  with 

If cellophane is impregnated with 

Plast ic  membranes which had proved 

The inescapable  conclusions are: 

1. That a useful separator must be capable  of preventing diffusion of Ag20. 

2 ,  That s i lver  diffusion c a n  be stopped only by a separator which c a n  
reduce AgzO. 

In t h e  p rocessp  t h e  separator material is oxidized and eventually destroyed. 
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ZINC DENDRITE GROWTH 

T h e  method and apparatus used in  the screening tests have been descr ibed 
i n  the  Seventh Quarterly Report (pp. 11-14, Pb-otographs 1-3). A separator  
a rea  of 1.26 c m 2  w a s  exposed. A solution of 100 g KOH pel le ts  (86.67’0 KOH) 
i n  100 g water,  t o  which 8 g ZnO were added, served as electrolyte.  

Cellophane PUBO-300 w a s  used  as reference material against  wh.ich a l l  other 
materials were t e s t ed ,  By passing currents from 1 t o  50 m a ,  we  e s t ab l i shed  
that  t h e  abil i ty of cel lophane to res i s t  z inc dendrite growth undergoes a re- 
producible minimum at  a current density nf 7.9 ma/cm2* Below th i s  current 
densi ty ,  t h e  t i m e  t o  penetration and shorting becomes unduly long. Above 
7 9 ma/cm2, t he  t ime increases  again because  the  efficiency of ut i l izat ion 
of t h e  current is reduced. This is i l lustrated in  the  graph (Figure 1 of th i s  
report). A l l  materials were therefore t e s t e d  by passing a current of 10 m a  
which corresponds t o  a current density of 7 .9  ma/cmz. 

A t  l e a s t  3 samples  of e a c h  material were t e s t e d  simultaneously.  T i m e s  t o  
shorting due t o  penetration were recorded. Results a re  l i s ted  in  Table 6 ;  
column B of t h e  t ab le  shows the  measured t i m e s  t o  penetration, column C 
shows t h e s e  t i m e s  on an  equal  th ickness  b a s i s .  Taking cellophane as  t h e  
s tandard,  t he  resu l t s  demonstrate that none of t he  t rea ted  cel lophanes shows 
any marked difference,  To t e s t  t he  effect of glycerol on the  dendrite res is-  
t a n c e ,  DuPont s cellophane PUD 300 I containi ng 20.37’0 glycerol w a s  used. 
The resu l t s  indicate  that  glycerol has a marked deleterious effect on the  re- 
s i s t a n c e  of cellophane t o  dendrite penetration. The t i m e  to  failure w a s  al- 
most cu t  i n  half. The cel lophane with glycerol was  t h e  l ea s t  res i s tan t  of all 
ce l lu los ic  materials.  Of t h e  various plastic materials,  microporous polyethy- 
lene  (Mipor 13 CN), polyvinylchloride (Mipor 34 PN), Acropor, Polypor and  
various copolymer membranes gave very poor resu l t s  while highly crossl inked 
polymethacrylic ac id  on a polyethylene matrix (PMA 83/17) and Permion 300 
(grafted polyethylene) r e s i s t ed  dendrite growth longer than  cel lophane.  A 
comparison of t h e s e  resu l t s  with average pore diameters points c lear ly  t o  an  
interdependence; large pore s i z e  contributes t o  ear ly  penetration. 

By fa r  t h e  bes t  resu l t s  were obtained with t h e  c l ea r  s ausage  casing;  even 
on a n  equal  th ickness  bas i s ,  it res i s ted  z inc  penetration about four t i m e s  
as long as cellophane. 
not c a u s e  a marked change i n  the  resul ts ,  

Silver treatment of t h e  c l ea r  s ausage  cas ing  did 
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Fibrous sausage  cas ing  showed a unique behavior, At  f i r s t ,  t h e  t imes t o  
failure showed a wide scat ter .  A likely explanation for t h i s  irregularity 
appeared t o  b e  t h e  different texture of t he  two surfaces  of t he  membrane; 
one s ide  is  smooth, t h e  other rough, When a l l  samples  i n  a test run were 
s o  arranged that  e i ther  t h e  rough or t h e  smooth s ide  was facing the  cathode,  
t h e  resu l t s  were i n  good agreement, The res i s tance  t o  dendrite growth w a s  
approximately doubled whenever the smooth s ide  of t h e  membrane was  facing 
the  Zn e lec tmde.  Sil-Jer treatmer,? did not substant ia l ly  change t h e  r e s i s t ance  
of fibrous sausage  casir ,g  to  z inc penetration, and t h e  r e s i s t ance  remained 
higher by a factor of two i f  t h e  smooth s ide  faced  the  electrode. It therefore 
seems advisable  t o  use fibrous sausage  casjng always in  such  a way that  t h e  
smooth s ide  f aces  t h e  z inc  plate.  

A t  bes t ,  however, fibrous sausage  cas ing  did not come up t o  t h e  good perfor- 
mance of c l ea r  s ausage  casing.  
delamination which w a s  observed during the  test. Under t h e  conditions of 
our test, t h e  current efficiency is very low. A s  a rescllt, when a dendrite 
penetrates  t he  near surface g a s  bubbles are formed between t h e  laminated 
layers;  t h e s e  bubbles lead  eventually t o  delamination. In normal battery 
operation, t h i s  is not t he  case; in  a wel l  designed battery,  t he  current utili- 
zat ion is very nearly complete and th i s  kind of ph.enomenon would not occur. 
This effect is clear ly  demonstrated i n  the  accompanying photomicrographs 
(Fiqure 3 and 4). The b l i s te rs  a r e  an indication that  delamination has  set in. 
Inside t h e  b l i s te rs ,  z inc deposit ion h a s  begun; t h e  wal l  of the  membrane h a s  
become thinner where delamination has  occurred and  i n  severa l  spots ,  t h e  
head  of t h e  dendrite h a s  penetrated through the  weakened wall .  

The reason is probably t o  be found in t h e  

To sum up t h e  resu l t s  of t h e  dendrite s tudy,  our resu l t s  indicate  tha t  in th i s  
a rea ,  c l ea r  s ausage  cas ing  is superior t o  all other materials tes ted .  However, 
t h i s  superiority is not a s  great as might b e  desired.  Zinc penetration remains 
a ser ious  limitation on t h e  lifetime of even t h e  bes t  separator  materials.  None 
of t h e  limited number of treatments tr ied i n  t h e  course  of t h i s  investigation h a s  
resu l ted  in  a s i g n f i c a n t  improvement, Unchecked growth of z inc  dendrites re- 
mains therefore a factor that  l i m i t s  t he  useful life of t he  Ag-Zn battery, Indi- 
ca t ions  a re  that  t h i s  problem is capable  of a solution. T o  A. Kryukova(”) 
reports very substant ia l  improvements (several  orders of magnitude) in t h e  
abi l i ty  of regenerated ce l lu lose  t o  resist z inc  penetration. In view of t h e  
importance of the  problem, a thorough investigation appears  amply justified. 
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NEW ION EXCHANGE MEMBRANES 

The screening tests have shown that  t h e  degree of crosslinking h a s  a marked 
effect on t h e  electr ical  res i s tance  of membranes, made by polymerizing meth- 
acryl ic  ac id  i n  a matrix of polyethylene. Polar groups in  t h e  polymer a re  
eliminated by increased crosslinking, The polymer with the  lowest c ross l ink  
densi ty  (PMA 95/5, i.  e. 
as  expected,  t he  highest  electrolyte absorption and t h e  lowest  e lec t r ica l  
res is t ivi ty ,  While the  e lec t r ica l  res i s tance  w a s  higher t han  tha t  of cel lophane,  
t h e  difference was  comparatively small. Furthermore, our pore size measure- 
ments showed that  t he  apparent pore diameter and the  tortuosity factor  were 
not t o o  different from t h e  corresponding va lues  for cellophane. Finally,  t h e  
membranes proved highly res i s tan t  t o  prolonged immersion i n  battery electro- 
lyte ,  even at high temperatures; th i s  property should make them very desirable  
for u s e  i n  ba t te r ies  which have t o  undergo high-temperature s ter i l izat ion.  The 
only disadvantage is t h e  low tens i le  strength of t h e s e  membranes. 

Methacrylic acid: divinyl benzene rat io  95:5) had, 

I t  seemed worthwhile t o  modify the  PMA membranes by introducing a co-monomer 
which should add flexibil i ty t o  t h e  polymer chain.  A major effort w a s  made to- 
wards the  end  of t he  contract  t i m e  to  develop sui table  copolymers. However, 
there  was  not enough t i m e  left t o  bring t h i s  t a s k  anywhere near completion. A 
copolymer of methacrylic ac id  (80 parts) and isopropyl acrylamide (20 par ts  by 
weight) on a polyethylene matrix had several  very desirable  properties: elec- 
t rolyte  absorption very c l o s e  t o  that  of cel lophane,  e lec t r ica l  res is t ivi ty  very 
similar t o  cellophane ( in  fact, slightly lower), and chemical r e s i s t ance  on ex- 
tended  immersion in  KOH far  superior. 
t h e  tables) .  

(This is separator material No. 3 2  in  

Another means of modifying PMA was copolymerization of methacrylic acid 
with varying proportions of poly(viny1 ace ta te )  with subsequent  hydrolysis 
of t h e  acetate t o  hydroxyl groups,  The appended t ab le s  (No, 7 through 12) 
show t h e  resu l t s  of various screening tests, 
c a l  s tab i l i t i es  in  electrolyte are generally good. 
of t h e  polymer which contains  80% vinyl alcohol units is on the  low s ide  and 
t h e  e lec t r ica l  res i s tance  is about twice as high as that  of cel lophane.  How- 
ever ,  t h e  copolymers containing lower VA:MA rat ios  had sat isfactory electro- 
ly te  absorption va lues  and their  e lectr ical  res i s t iv i t ies  were near t hose  of 
t h e  best separators.  

Their dimensional and chemi- 
The electrolyte  absorption 
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A copolymer of methacrylic ac id  and maleic anhydride (No. 37 i n  the  t ab le s )  
had similar properties as the  vinyl alcohol copolymers. Another var iable  w a s  
introduced i n  th i s  copolymer. By varying the  amount of divinyl benzene ,  we  
were ab le  t o  study the  effect of varying cross l ink  density.  

None of t he  copolymer membranes showed t h e  high reactivity with Ag which 
charac te r izes  cellophane. 
some important differences: the  high vinyl alcohol - low methacrylic ac id  
copolymer reac ts  with Ag,O about 4 t imes fas te r  than the  copolymer i n  which 
t h e  monomer ratio is reversed. An increase  i n  t h e  c ross l ink  densi ty  c a u s e s  
a slight drop in  t h e  Ag  reactivity but t h e  effect  i s  not a s  pronounced as t h e  
effect of changing t h e  monomer ratios.  

However, t he  appended graphs (Figure 5) show 

It would s e e m  very worthwhile t o  pursue t h i s  l ine  of research  further. 

In a different approach to  ion exchange membranes, ion exchange r e s ins  were 
d ispersed  i n  a liquid urethane prepolymer which w a s  then cured t o  an  elastomer. 
The e lec t r ica l  r e s i s t ance  of t h e  result ing membrane w a s  sat isfactory,  provided 
a sufficiently high resin: urethane ratio (1: 1) w a s  used. Increasing br i t t l eness  
precluded higher res in  proportions, The s i lver  reaction rate  of t h e s e  membranes 
was  very low. 

Forming membranes by dip-coatinq techniques w a s  a l s o  attempted (see Seventh 
Quarterly Report, pp 9-11). 
and  the i r  e lec t r ica l  res i s t iv i t ies  were generally rather high. 
t o r  w a s  prepared using t h i s  technique. 

The result ing membranes were mechanically weak 
No su i tab le  separa- 

CONCLUSIONS 

1. The useful life of silver-zinc ba t te r ies  is restr ic ted by various 
c a u s e s .  
separators  fulfill their  purpose. This limitation is imposed by t h e  
hydrolytic degradation which many separator  materials undergo ir!. 
t h e  strongly alkal ine battery environment e 

An important factor  is the limited t ime during which t h e  

2. The purpose of t h i s  investigation w a s  a s tudy of t h e  effects of 
the battery environment QII t h e  mechanical and chemica l  properties 
of various materials.  A s e r i e s  of screening t e s t s  were found t o  b e  
useful  for evaluation of t hese  materials without t he  necess i ty  of 
time- c ons uming battery t e  s t i ng e 

- 18- 
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3 .  
information about t h e  sui tabi l i ty  of a given separator: 

Of a l l  t h e  bench t e s t s p  th.ree are expec ted  t o  yield t h e  most important 

Rate of s i lver  reaction and s i lver  diffusion 

Rate of z inc dendrite growth 

E 1 e ct ri c a1 re s i. s t ivit y 

4. The effect iveness  of a Separator i n  preventing the  diffusion of Ag s p e c i e s  
w a s  found t o  be  largely a function of its reactivity with Ag. Mater ia ls  which 
are  res i s tan t  t o  oxidation allow diffusion of s i lver  spec ie s ;  even  materials 
with t h e  smallest pore diameter were found t o  b e  unable t o  prevent diffusion. 
Only those  materials which reacted with the  dissolved s i lver  oxides were 
capable  of preventing s i lver  diffusion. 
improved but as oxidative stabil i ty is increased,  effect iveness  as a diffusion 
barrier dec reases  

Resis tance t o  oxidation c a n  b e  greatly 

5. 
a s  res i s tance  t o  s i lver  migration is concerned. 
t h i s  migration though it is consumed i n  t h e  process.  

Regenerated ce l lu lose  remains t h e  most effect ive material t e s t e d  as far  
It functions by arresting 

6. The ra te  of t h e  reaction of ce l lu lose  with d isso lved  s i lver  oxides c a n  
b e  greatly reduced by treatment with antioxidants though at  t h e  cos t  of 
some increase  i n  t h e  diffusion rate of t h e s e  spec ie s  through t h e  membrane. 

7 .  
t rac t  (see Appendix) contain cellophane which h a s  been  impregnated with 
m-phenylene diamine. 
of a n  antioxidant resu l t s  i n  a sat isfactory extension of t he  useful life of 
cel lophane without an  undue increase i n  the  s i lver  diffusion rate ,  

Five of t h e  ba t te r ies  which are being delivered t o  NASA under th i s  con- 

Their purpose is t o  determine whether t h e  presence 

8. Treatment with d i i socyanates  c a n  strengthen t h e  physical  structure of 
cel lophane without changing, t o  any marked degree,  its electr ical  res is-  
t ivi ty ,  its ra te  of reaction with Ag,O and  the  rate  of diffusion of d isso lved  
Ag species .  Five of t h e  bat ter ies  which are  being supplied under th i s  con- 
t r ac t  contain tolylene diisocyanate t rea ted  cellophane. 

-19- 



Eighth Quarterly Report 
NASA 
Goddard Space Flight Center  
Contract NAS-5-2860 
ESB Report No. 7054.8 

9. Pore diameter was  f o m d  t o  be less importar& i n  regard t o  s i lver  
diffusion than the  ra te  a t  which. a separator material  r eac t s  with AgzO. 
However, pore s i z e  has a marked effect on t h e  abil i ty of a membrane 
t o  r e s i s t  z inc penetration. 

10 .  Regarding res i s tance  t o  the  growth of z inc dendri tes ,  differences 
between materials of differert  COmpQSitiQIl and of different pore s i z e  
a re  comparatively small. Little is known abQi?t th i s  aspec t .  

11. The abil i ty of a membrace t o  res i s t  t h e  penetration and propagation 
of a zinc dendrite is no l e s s  impor+as;t than i t s  abi l i ty  t o  r e s i s t  s i lver  
diffusion. 
growth were found in  t h e  various materials examined, with sausage  
cas ing  proving t o  b e  t h e  most res is tant .  

Comparatively s m a l l  differences i n  r e s i s t ance  t o  dendrite 

RECOMMENDATIONS 

1. 
t h e  invest igat ion have properties intermediate between a highly inert 
separator ,  such  as PMA and Permion 300,  and t h e  react ive type,  as  
exemplified by cellophane. An investigation should b e  pursued in  t h i s  
a r ea  t o  obtain optimum properties (as measured in  the  screening tests) 
i n  such  a membrane. 
t han  cel lophane are obtained while approaching c lose r  t o  t h e  abil i ty of 
cel lophane t o  react with dissolved silver. 

Some of t h e  co-polymer membranes developed i n  the  la t ter  part of 

Greater res i s tance  t o  hydrolysis and  oxidation 

2. 
l i t t l e  a f f ec t ed  by any of t h e  structures investigated.  Cel lu los ics  and 
t h e  ion exchange membranes with lowest permeabili t ies gave  slightly 
superior resul ts .  A study of t h e  factors  governing z inc  dendrite growth 
and  of t h e  effect of various organic and inorganic s t ructures  on t h i s  
growth is recommended. A study of means of including or forming 
effective structures into membranes or separators  i s  a l s o  recommended. 
The zinc penetration test described under this  contract  c a n  provide a 
rapid and rel iable  method of comparing the  effect iveness  of addi t ives  
or separator  structures in  retarding z i x  growth. 

The growth of z inc through the various separator materials was  

- 20- 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

Eighth Quarterly Report 
NASA 
Goddard Space  Flight Center 
Contract NAS- 5- 2860 
ESB Report No. 7054.8 

LITERATURE CITED: 

(1) E. M. Honey, C.  N. Hardy: Brit. Pat 565,022, (10/24/44); 
567,657 and  576,659 (4/15/46); US Pat 2,542,527 (12/20/51) 

(2) H. Andre': French Patent 786,276 (August 30, 1935) 

(3) W, Weltzien,  G. zum Tobel: B e r a  B ,  2024-32 (1927) 

(4) H. Staudinger, I. Jurisch: Zellstoff u. Papier18, 609-12 (1938) 

(5a) E. H. Farmer: Trans. Faraday Soc. 38, 340-7 (1942) 
J. L. Bolland, G.  Gee; ibid., 42, 236- 433 (1946) 
J. L. Bolland, P. ten Have; ibid. ,  45, 93-100 (1949) 
J. L. Bolland, H. Hughes: J. Chem. Soc. 1949, 492-7 

b) 
c) 
d) 

(6) D. Entwistle,  E. H. Cole ,  N.  S. Wooding: J. Textile Research& 
527-46, 609-24 (1949) 

(7) Second Quarterly Report, p. 4 

(8) First  Quarterly Report, p. 5 

(9) 0. A. Battista; Ind. L?c Eng. Chem. Anal. Ed. 16, 331-54 (1944) 

(10) Third Quarterly Report, p. 6 

(11) J. S. Mackie ,  P. Meares:  Proc. Roy. Soc. (London), A232, 498,509 (1955) 

(1 2) F. Bergsma, Ch. A. Kruissink, Fortschr. Hochpolym. Forsch. z, 307-62 (1961) 

(13) T. A. Kryukova: "The Growth of Zinc Dendrites in  some Swelling Polymers", 
(Proc. Fourth Conference on Electrochemistry, October 1956), 
New York, Consul tants  Bureau, 1961, Vol. 3, 147-51 ( in  English) 

-21- 



I .  
I 
D 
I 
I 
I 
D 
I 
I 
I 
I 
I 
D 
I 
D 
I 
I 
I 
D 

Eighth Quarterly Report 
NASA 
Goddard Space Flight Center  
Contract NAS- 5- 28 60 
ESB Report No. 7054.8 

ACKNOWLEDGMENTS 

It is a pleasant  duty t o  thank all members of t he  Research Center  staff 
who have contributed t o  the  contract work. Special  thanks a re  due t o  
Mrs. Cec i l ia  G. Oberholzer who carried out a major part of t he  experi- 
mental work, including a l l  t he  syntheses;  t o  Dr. Alvin J. Salkind who 
developed the  porosity test and  directed many of t h e  tests; t o  Mr. John 
B. Ockerman for h i s  important work i n  the  area of s i lver  reaction and  
diffusion. All of t h e  foregoing have a l s o  contributed extensive parts 
of t h e  quarterly reports, 

Thanks a re  a l s o  expressed  t o  Mr, Howard Wilson who devised  t h e  
analyt ical  methods used  in  t h i s  work and supervised some phases  of 
t h e  tes t ing;  t o  Messrs .  Edward L. W a s s e r  and Edward J. Woytko for 
the i r  pains-taking test work; and to  numerous other co l leagues  who 
have contributed t o  various phases  of t h i s  study. 

- 22- 



1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 

ABSTRACT 

Eighth Quarterly Report 
NASA 
Goddard Space Flight Center  
Contract NAS-5- 2860 
ESB Report N o  7054.8 

The object ive of t h i s  invest igat ion w a s  t o  develop bench t e s t s  which 
would permit screening of separator mater ia ls  for Silver Zinc and Silver 
Cadmium Batteries.  These t e s t s  were appl ied t o  a range of membranes. 
The experience gained was  applied t o  modify avai lable  mater ia ls  and t o  
develop new membranes of potential u s e  i n  Ag-Zn ba t t e r i e s ,  Ability t o  
r e s i s t  s i lver  diffusion and zinc penetration, and low electr ical  r e s i s t ance  
proved t o  be  t h e  most important parameters Treatment with some anti- 
oxidants or with d i i socyanates  showed promise as a means of improving 
t h e  r e s i s t ance  of cel lophane against degradation by AgLO. An ion ex- 
change membrane formed by polymerizing and c r o s s  linking methacrylic 
ac id  in  a matrix of microporous polyethylene is another potential  separator ,  
with improved oxidation resis tance.  Sausage  cas ings  were found t o  b e  
more res i s tan t  t o  z inc penetration than  any other separator  material but 
t he  improvement is marginal: an intensive invest igat ion of t h i s  aspect is 
recommended. 
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TABLE I 

SEPARATOR MATE RIALS 

The following separator materials were investigated: 

1. 

2. 

3. 

4.  

5. 

* 6. 

* 7 .  

* a .  

* 9 .  

10. 

11. 

12. 

13. 

* 14. 

* 15. 

Cellophane PUDO-300 (duPont) 

Cellophane PUDO-600 (duPont) 

Cellophane 140-PUT 76 ( O h )  

Cellophane, nominal th ickness  0 . 0 0  1 in. (Avisco) 

Cellophane, nominal th ickness  0.003 in.  (Avisco) 

Sausage  Casing (Avisco) 

Fibrous Sausage Casing (Avisco) 

Silvered Sausage Casing (Avisco) 

Cellophane, g e l  f i l m  (laboratory sample,  Avisco) 

Permion 300 (modified polyethylene, Radiat,m App [cat ions Inc. ) 

Permion 600 (modified cellophane, Radiation Applications Inc. ) 

AMF ion C-60 (strongly anionic membrane, Am. Machine &Foundry Co. ) 

AMF ion C- 103 (weak cationic membrane, Am. Machine &Foundry Co.  ) 

Polypore WA (Niemand Bros.) a weak ac id ,  acryl ic  ion exchange r e s in  
with nylon backing. 

No. 15-17 are  microporous polyethylene membranes, impregnated with 
crossl inked poly(methacry1ic acid);  they differ i n  degree of cros  slinking: 

PMA 80/20: Methacrylic acid: divinyl benzene ratio = 80:20 
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Table 1 Cor,t. 

16.  

17 ,  

18. 

19 0 

20. 

21 D 

22 0 

23, 

24. 

25. 

26 ., 

27. 

28. 

29. 

30 e 

31 

32. 

33. 

PMA 83/17: Methacrylic acid: divinyl benzene rat io  = 83:17 

I 1  I t  I I  I 1  I 1  PMA 95/5: 95:5 

Mipor 1 2 CN, microporous polyethylene of medium porosity 

Mipor 1 3  CN, microporous polyethylene of high porosity 

Mipor 3 4  CN,  microporous poly (vinyl chloride) of high porosity and 
very fine pore s i z e  

Mipor 3 4  PN, microporous poly (vinyl chloride) of high porosity but a 
coarser  pore s i z e  

Cellophane 1 1 1 - 1 ( duPont) and 

Cellophane 11 1-2  (duPont): both are experimental cel lophanes , b a s e d  
on crossl inked ce l lu lose  

Fibrous Sausage Casing (Visking) 

Cellophane PUDO-300, impregnated with m-phenylene diamine 

Acropor WA - similar t o  Polypore WA (see No .  14) but made by Gelman 
Instrument Co ., 

Cellophane PUDO-300 I t reated with tolylene di isocyanate  

Cellophane PUDO-300, t reated with hydroquinone 

Cellophane PUDO-300 I t reated with zinc chloride 

C-19-300, a s i lvered cellophane, submitted by NASA 

C-19-600, a s i lvered cellophane, submitted by NASA 

Porous polyethylene 
and isopropylacryl amide 

Permion 1000,  a Teflon membrane (Radiation Applications Inc.  ) 

impregnated with a copolymer of methacrylic a c i d  
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Table 1 Cont .  

34-37 Porous polyethylene membranes, impregnated with crossl inked 
copolymers of: 

* 34. Methacrylic ac id  with vinyl alcohol,  monomer ratio 1:4 

+e 35. Methacrylic ac id  with vinyl a lcohol ,  monomer ratio 4: 1 

* 36,  Methacrylic ac id  with vinyl alcohol,  monomer ratio 1: 1 

* 37. Methacrylic ac id  with maleic anhydride, monomer ratio 1: 1 

* 38. XE-97 Ion Exchange Resin i n  a matrix of a polyurethane elastomer 

* The i t e m s  marked with an  a s t e r i sk  are not now in commercial production. 
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TABLE 1 - A  

Chemical Formulas of Membrane Mater ia ls  
d i scussed  i n  t h i s  Report 

- 

CHzOH OH 
--k 

,/' OH 

/' 

H 

0- 
H 

'-0 
CHzOH H OH CHzOH 

Cellulose 

. 

NCO 

8070 2, 4 - 2070 2, 6 - Tolylene di isocyanate  
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Monomers which were Grafted on Cel lulose 

CH 
I 
C N  

CH 
I 

C N  

+ 

Acrylonitrile 

CH2 = F H  Acry 1 onit r i  l e  

c H3 
I 

CHZ = C 
I / CH2CH3 

CH2CH3 
COOCHzCHZ N, 

CH2 = C H  
I 

/ N \  

I I 
CH2 CO 

CH2 - CH2 

+ Styrene 

Ethylene imine 

Methacrylic ac id  

Diethy laminoethyl 

methacrylate 

N - vinyl - 2 - pyrrolidone 
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Polymeric Membrane Mater ia ls  

1 
COOH 

Polymethacrylic ac id  

Polymethacrylic acid,  

crossl inked with 

divinylbenzene 

Copolymer of 

methacrylic ac id  

and  vinyl alcohol 
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~~ 

r 7 

3 CH2- C CH - CHI- 
I 
COOH 

1 
L 

~ c H 2 -  
YH3 1 
C 

I 
coo4 X 

I 4 1  cy , c j x  
0 

CH2- CH 
I 
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Copolymer of 

methacrylic acid 

and maleic anyhdride 

Copolymer of 

methacrylic ac id  
CO. NH. C H ( C H ~ ) Z , ~  and is opropy 1 acry lamide 

- 

CH2 - ~~~~ CH2 - 7I-I -jy methacrylic Copolymer Of a c id  

C O O C T H 3  and ethylacrylate  

I 

1 
-t CH2 - CH 

I 
_ I Y  / \  

Copolymer of 

methacrylic ac id  

and vinylpyrrolidone 



i- 
I 
I 
I 
1 
1 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Table 1 A cont’d 

1 

C 
yH+ 1 
COOH] 

Eighth Quarterly Report 
NASA 
Goddard Space  Flight Center  
Contract NAS- 5- 28 60 
ESB Report No. 7054.8 

r 1 

Copolymer of 
methacrylic ac id  
and 
te t raethylene glycol 

dimet hacry lat  e 

r 1 
I CH3 I 

I 
COOH 

- Y  L - 
CH3 “‘““i 
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TABLE 2 

Oxidation Losses in  K Mn04 

70 Weight Loss 
at 25OC at  5OoC 

- Cellophane PUDO-300 69 

Cellophane PUDO-600 

Cellophane 11 1 - 1 (crosslinked) 

63 

32 

7 5  

- 

Cellophane 11 1 - 2  (crosslinked) 60 - 

Fibrous Sausage  Casing - 38 

Silvered Sausage  Cas ing  - 31 

Permion 600 - 41 

No n- C e 1 lu  1 o s ic s 

Permion 300 (modig. polyethyl.) 

Permion 1000 - 15 m h2 

Permion 1000 - 40 m h2 

Mipor 12  CN 

Mipor 13 CN 

Mipor 34 C N  

Mipor 3 4  PN 

Acropor WA 

PMA (all leve ls  of crosslinking) 

23 

19 

8 

1 . 2  

0 . 8  

1 . 5  

0 . 9  

0 

10 
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Material  

Cellophane PUDO-300 

Cellophane PUDO-600 

Cellophane 11 1- 1 

Cellophane 11 1- 2 

Fibrous Sausage Cas ing  

Silvered Sausage Cas ing  

Permion 600 

Permion 300 

Mipor 12 CN 

Mipor 13 CN 

Mipor 34  CN 

Mipor 34  PN 

Polypor WA 

TABLE 3 

TENSILE STRENGTHS 

Dry Thickness 
i n .  

0,0010 

0.0016 

0.0012 

0.0012 

0.0035 

0.0031 

0.0015 

0.0011 

0.0048 

0,0048 

0.0038 

0.0060 

0.0031 
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Tensile Strength 
lbs/sq in .  

Dry Wet 

20 , 000 6,000 

17,500 5,300 

17,920 7 080 

20 J 000 6,670 

14,570 6,800 

17,750 9,350 

12,330 6,300 

9,550 5,430 

8 40 8 40 

5 20 5 20 

1,180 1,180 

1 , 330 1 ,330  

15,660 12,750 
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TABLE 4 

Degree of Polymerization of Cellophane 
vs.  T ime  in 40% KOH a t  90°C 

Days D.P. 

0 525 

1 4 72  

2 4 63 

3 4 63 

4 4 54 

5 44 9 

6 44 7 

7 449 

8 44 1 

9 4 32 

10 4 18 
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TABLE 5 a  

Resistivity,  Pore Diameter and Tortuosity of Cel lu los ic  Mater ia l s  

Spec. Resistivity AveragedPore Diameter Tortuosity 
[ohm-cm 3 [ Angstrom 1 Factor 

1 Cellophane PUDO-300 8.5 20 0 2.6 

2 Cellophane PUDO-600 8.4 40 0 2 , 5  

7 C lea r  Sausage Casing 7.4 450 2 , l  

9 Clear  Sausage Casing 5.9 
s i lvered 

8 Fibr. Sausage Casing 

24 Fibr. Sausage Casing 

23 Exper. Celloph. 111-2 

25 Cellophane PUDO-300 
+ m-phenylenediamine 

11 Permion 600 
(modified ce l lu lose)  

30 C-19-300 
(Silvered Cel lo .  ) 

31 C-19-600 
(Silvered Cel lo .  ) 

7.6 

8.2 

10.0 

7.8 

38.6 

8.3 

8.5 

20 0 1.9 

300 

450 

240 

110 

80 

460 

40 0 

1.9 

2.1 

2.6 

2.4 

5.5 

2.8 

2.6 
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TABLE 5 b  

Resistivity, Pore Diameter and  Tortuosity 
of Non-Cellulosic Mater ia ls  

Sample 
No. 

19 Permion 300 
(modif. polyethylene) 

19 Mipor (polyethylene) 

26 Acropor WA 

15 PMA 80/20 

16 PMA83/17 

17 PMA95/5 

Spec. Resistivity 
[ohm-cm 1 

34.8 

12.8 

11.0 

63.5 

39.6 

22.3 

Pore Dia .  Tortuosity 
[ Ang s t  rom I Factor 

7 5  7 . 5  

2300 2 . 1  

3 200 2.7 

300 4.7 

3 50 5.4 

300 3 . 2  
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TABLE 6 

(A) 

Wet Thickness 
[cm x 1 0 - ~  ] 

71 

101 

B Ratio - 
Gnin/cm Ax 10-41 

T ime  t o  penetration 
[minutes 1 

Cellophane PUDO-300 

Cellophane PUDO-300 
+ ethyleneimine 

Cel lophane PUDO-300 
+ ZnClt 

Cel lophane PUDO-300 
+ i-eugenol 

Cel lophane PUDO- 30 0 
+ TDI 

Cel lophane PUDO- 3 0 0 
+ m-phenylene-diamine 

Cel lophane PUDO- 3 0 0 
+ p- ph eny 1 ene- diamine 

Cel lophane PUDO- 30 0 
+ hydroq ui onone 

Cel lophane PUDO- 3 0 0 
Ag t rea ted  (NASA C-19-300) 

Cel lophane PUDO-600 
t r ea t ed  with tr iethanolamine 
+ epichlorohydrin 

Cel lophane PUDO-600 

117 1 . 6  

114 1 .1  

79 139 1.8 

76 150 2.0 

97 118 1 . 2  

64 135 2.1 

64 115 1.8 

79 120 1 .5  

79 153 1.9 

8 9  126 1 . 4  

102 158 1.6 
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Table 6 ,  Cont. 

Cellophane PUDO-600 
Ag t rea ted  (NASA C-19-600) 

Cellophane PUD 300 
(20.370 glycerol) 

Permion 600 (modif ce l lo .  ) 

Cellophane 11 1-2 (exper.)  

C lea r  Sausage  Casing 

C lea r  Sausage  Cas ing  
Ag Treated 

Fibrous Sausage  Cas ing  

rough s i d e  facing Zn 

smooth s ide  facing Zn 

Fibr. Saus ,  Cas ing ,  Ag t rea ted  

rough s i d e  facing Zn 

smooth s ide  facing Zn 

112 

58 

79 

7 6  

216 

21 4 

178 

178 

185 

185 

310 2.8 

63 1.1 

158 

26 1 

1336 

2.0 

3 .4  

6.2 

1242 5,. 8 

20 7 

425 

24 2 

41 5 

1 .1  

2.4 

1 .3  

2.2 
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Table 6, Cont.  

Permion 300 Modified) 
polyethylene 

Permion 1000 (modified 
polytetrafluoroethylene) 

Mipor 3 4  PN (microporous 
p olyviny lc hloride) 

Acropor WA 

P o 1 y m e t h ac ry 1 ic a c id/ p o 1 yet h y 1 en  e: 
PMA 90/10 (low crossl ink)  

PMA 83/17 (high crossl ink)  

Copolymers: 

Methacryl  acid: vinyl alcohol 

Methacryl acid: maleic anh. 

Methacryl acid: i-propyl acrylamide 

76 

147 

127 

191 

152  

168 

135 

152 
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117 3.2 

8 4  1.1 

64 0.4 

16 0 . 1  

190 1.0 

3 67 2 . 4  
I 

43 

35  

47 

0 . 2  

0 .3 

0 .3  
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Goddard Space Flight Center 0 

TABLE 7 

Electrolyte Absorption and Retention a t  2 6°C 

Sample Dry weight Thickness Volume Absorption R e  ten tion 4 
No.  grams c m  x c m 3 x  10- 

Dfy Wet  Dry Wet  g q/cc 9 q/cc 

34 .1954 127 127 2458 2458 .487 1.983 .2313 .941  

35 .2588 135 178 2613 3445 1.065 4.078 .5682 1.649 

3 6  .2065 12 7 140 2458 2710 ,680 2.769 .3654 1 3 4 8  

37 .2 175 114 127 2206 2458 .703 3.189 .3203 1.452 
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TABLE 8 

Electrical  Resis tance (Ohms) in 31% KOH a t  26OC 
After Different Soaking T i m e s  

Sample No.  Material  5 min 

34 Methacryl a c  .+ 0.517 
vinyl a lc . 1:4 

35 Methacryl a c ,  0.191 
vinyl a l c . ,  4:l 

36 Methacryl a c e  + 0.193 
vinyl a l c .  1:l 

37 Methacryl a c .  + 0.170 
maleic anh .  1:l 

-- 10 min 20 min 1 hr 

0.403 0.327 0.338 

0.175 0.162 0,155 

0.168 0,157 0.141 

0.163 0.166 0.163 

24 hrs 

0.242 

-- 

0,155 

0.137 

0.162 
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TABLE 9 

Electrical  Resistance i n  31% KOH i n  31% KOH a t  26°C 

P 
ohm-cm 

R, R, Wet  Thickness 
[ohm] [in. x lO-$Em. 10'1 ohm-in2 

34 Methacr. ac.-vinyl a l c .  (1:4) 0.242 45 114 0.036 20.3 

35 Methacr. ac.-vinyl a l c .  (4:l) 0.155 66 168 0.023 9.0 

36 Methacr. ac.-vinyl alc. (1:l) 0.137 57 145 0.021 9.2 

37 Methacr. ac.-maleic anh.(1:1) 0.162 53 135 0.024 12.5 

Ro = observed re s i s t ance  va lues  after 24 hrs  soaking, 
exposed separator  area = 0.15 in2 

R, = r e s i s t ance  a t  ac tua l  w e t  thickness 

p = spec i f ic  res i s t iv i ty  
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TABLE 10 

Dimensional Changes i n  31% KOH at  -26OC 

Sample Copolymer 70 hrs  7 days 
No. Length Width Thickness Length Width Thickness 

34 Methacr.  ac. + 4  9 - 2  t 4  + 9  -2  
vinyl alc. (4:l) 
Methacr.  ac. + 10 t 23 + 30 +11 t 23 + 40 
vinyl a lc .  (1:4) 

36 Methacr.  ac. 4 7  17 + 10 + 7  + 17 + 17 
vinyl alc. (1:l) 

maleic anh. 

I 35 

37 Methacr. ac. A 2 t 9  t 20 + 2  + 9  + 24 

d 

Sample 14  days  21 days 28 days 
No. Length Width Thickness  Length Width Thickness Length Width Thickness 

34 + 4  + o  1 0 + 4  + 9  9 + 5  + 9  0 

3 5  + 1 0  + 2 3  -t 40 + 10 + 23 += 40 +10  + 2 3  + 40 

I 36 f 7 + 1 7  + 17 + 7  + 17 t 20 + 7 +17  + 20 

37 + 3 + 1 0  + 28 + 3  + 9  + 33 + 2 + 1 1  +3 1 I 
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TABLE . L l  

Dimensional Changes in 31% KOH a t  + 26OC 

Sample Copolymer 70 hrs 7 days  
N o .  Length Width Thickness  Length Width Thickness 

34 Methacr. a c .  

35 Methacr. a c .  

36 Methacr.  a c ,  

37 Methacr. ac. 

vinyl a lc .  (1:4) ' 5  +10 -5 ' 6  + 9  -4 

vinyl a l c .  (4: 1) +12 +2 6 + 34 + 12 + 2 7  + 3 7  

vinyl a lc .  (1:l) ' 6  + 18 + 5  + 6  '18 + 8 

vinyl anh.  (1:l) + 10 + 12 '23 + 9  + 1 2  '50 

Sample 14 days  2 1  days  28 d a y s  
No Length Width Thickness Length Width Thickness Length Width Thickness 

34 

35 

+10 0 

+ 12 '27 '50 

+ 6  

+ 12 

+10 0 

'27 + 5 0  

+ 5  +10 0 

+ 12 + 28 '50 

36 ' 6  + 18 + 14 ' 6  '18 '14 + 6  + 18 + 14 

37 
+ 10 + 12 '46 + 10 + 1 2  + 4 9  

+ 10  + 1 2  + 4 5  
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1 -  

Sample 
No. 

34 

35 

36 

37 

Sample 
No. 

34 

35 

36 

37 
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TABLE 12 

Dimensional Chanqes in  31% KOH a t  + 90°C 

70 hrs 7 days  
Length Width Thickness Length Width Thickness 

Cop0 lymer 

Methacr. a c .  + 6 +10 -15 + 6  +11 -10 
vinyl a l c .  (1:4) 
Methacr. a c .  '13 '32 '25 + 13 + 32 + 32 
vinyl a lc .  (4: 1) 
Methacr. a c .  + 3 '25 + 3  + 12 '25 + 15 
vinyl a l c .  (1:l) 
Methacr. ac .  '13 '18 '27 + 13 + 18 '40 

14 days  2 1 days  28 days  
Length Width Thickness Length Width Thickness Length Width Thickness 

+ 4  +10 - 10 + 4  +10 - 8  + 5  + 10 - 8  I 

+ 14 '31 '25 + 13 + 32 ' 36 + 13 +32 +36 

'8 + 18 + 15 + 12 '25 + 15 + 12 '25 + 15 

+ 10 + 18 +40 '16 '25 +40 '16 +25 +43 
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Figure 2 

Zinc Penetration i n  Cellopnane PUDO-300 
as a Function of Current x T i m e  
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APPENDIX 

Cel l  Tests 

1.  Test Ce l l  Design 

Twenty-five c e l l s  were delivered t o  Goddard Space Flight Center  for test 
purposes 
capaci ty  of 24 amp hrs 
f ree  s p a c e  ratio was  maintained among t h e  five separator systems used.  

Each ce l l  contains  5 positive and 6 negative p l a t e s ,  with a rated 
The ce l l  s tack  h a s  been s o  designed that  a constant 

Each negative plate w a s  wrapped in  ane layer of Viskon, 0 035 in. th ick .  
Each posit ive plate w a s  wrapped in  me layer  of Dyne1 EM309 non-woven 
fabric 

Five separator  systems were used: 

a) Five cells ( N o s .  1 - 5): 8 layers  of Cellophane PUD-0-300. 
b) Five c e l l s  ( N o s .  6 - 10): 

1 ,  Three layers of Cellophane PUD-0-300, t rea ted  with 
tolylene diisocyanate - nearest  to  the  posit ive - 
followed by 

Five layers  D f  CellDphane PUD-0-300 (untreated). 2 .  

c) Five c e l l s  ( N o s  11 - 15): 

1. Two layers  Permion 300 - 40/30 
2 ,  Two layers  Cellophane PUD-0-300 
3.  Two layers  Fibrous Sausage Casing 

d )  Five ce l l s  ( N o s .  16 - 20): 

1.  One layer PMA 83/17 
2 .  One layer Cellophane PUD-0-300 
3. Two layers  Fibraus Sausage Casing 

e) Five c e l l s  ( N o s .  21 - 25): 

1. Three layers  Cellophane PUD-0-300, t rea ted  with 
m-phenylene diamine. 

Two layers  Fibrous Sausage Cas ing  2 .  

. 
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11. Test Program 

Electric Storage Battery Cel l s  with Modified Cellophane 

Capacity (C)  = 24 ampere hours 

1 e Electrolyte addition, potassium hydroxide, 4070 

2. Add 65 cc t o  each  ce l l ,  vacuUm f i l l  
Allow t o  s tand 7 2  hours 

3. Conditioning cycles:  

a. Sixty (60) hour CP charge,  current limit at 1 . 0  
ampere and voltage limit at 1 .97 per ce l l  

Level electrolyte t o  top of p la tes  (add or subtract)  

Discharge at  C/5 t o  1 . 3  vol ts  per c e l l  

Recharge t o  C/20 for 24 hours 

b .  

C~ 

d .  

e. Discharge at C/5 t o  1 . 3  vol t s .  After 12 ampere 
hours have been removed, pulse  at C/3 rate  for 5 
seconds  and t h e  C rate for 5 seconds 

4,, L i fe  t e s t  cyc les  

a .  Start after t h e  two conditioning cyc le s  

b. Charge at  C/20 amperes t o  give an  input of 120% 
of the  previous discharge 

Stand in the  charged s ta te  for 16 hours 

Discharge at C/5 amperes t o  1 . 3  vol ts  per cell 

Stand in the  discharged state 1 t o  5 hours 

c. 

d. 

e. 

f .  Rep. at b through e 

Cycle  until t he  output of 6Oy0 of C or l e s s  

During t h e  cyc le  t e s t s ,  add ESB supplied 2070 KOH as  needed, with t h e  c e l l s  
i n  t h e  charged s t a t e ,  t o  bring the electrolyte level  up t o  the  top  of t h e  plates .  
Measure  amount of electrolyte added and t i m e  of addition. 






